Abstract The West Antarctic Ice Sheet (WAIS) retreated more than 1,000 km since last grounding at the Ross Sea outer continental shelf. Here we show an interpretation of former grounding line positions from a new large-area multibeam survey and a regional grid of chirp cross-sectional data from the Whales Deep Basin in eastern Ross Sea. The basin is a paleo-glacial trough that was occupied by the Bindschadler Ice Stream when grounded ice advanced to the shelf edge during the Last Glacial Maximum. These new geophysical data provide unambiguous evidence that the WAIS occupied at least seven grounding line positions within 60 km of the shelf edge. Four of seven grounding zone wedges (GZWs) are partly exposed over large areas of the trough. The overlapping stratal arrangement created a large-volume compound GZW. Some of the groundings involved local readvance of the grounding line. Subsequent to these seven outer continental shelf groundings, the ice sheet retreated more than 200 km towards Roosevelt Island on the middle continental shelf. The major retreat across the middle continental shelf is recorded by small-scale moraine ridges that mantle the top of GZW7, and these are suggestive of relatively continuous grounding line recession. The results indicate that retreat was considerably more complex than was possible to reconstruct with reconnaissance-level data. The added details are important to climate models, which must first be able to reproduce the recent retreat pattern in all of its complexities to improve confidence in model predictions of the system's future response.
Introduction
The large-scale bathymetry of the Ross Sea is relatively well known (Davey & Nitsche, 2005) . The middle and outer continental shelf is crossed by six large troughs that were eroded by fast flowing ice streams ( Figure 1a ). The troughs are typically 200-300 m deeper than the trough-parallel bank crests. The trough widths range from 60 to 100 km, and their lengths are greater than 250 km. The inner continental shelf is covered by the large Ross Ice Shelf (RIS) (Figure 1a ), a floating ice mass of approximately the same area as France, and hence, the bathymetry and subsurface stratigraphy of that area is poorly known. The available bathymetric data from the inner continental shelf suggests that the outer shelf troughs extend southward to the mouths of modern ice streams ( Figure 1a ).
Much has been learned about LGM ice sheet extent, paleo-drainage, and the post-LGM retreat of grounded and floating ice in Ross Sea continental shelf from marine geological and geophysical data (e.g., Anderson et al., 2014; Bart & Cone, 2012; Farmer et al., 2006; Greenwood et al., 2012; Halberstadt et al., 2016; Howat & Domack, 2003; Licht et al., 1999; McKay et al., 2008; Mosola & Anderson, 2006; . These data provide strong evidence that since the LGM, the West Antarctic Ice Sheet (WAIS) has retreated more than 1,000 km from the outer continental shelf to its current interglacial grounding-line configuration (e.g., Anderson et al., 2014) . The grounding line represents the seaward-most zone at which a marine-based ice sheet is coupled to the seafloor. The erosional and depositional products of the last major advance and retreat are well preserved, being mostly intact at the seafloor in the form of (1) relatively low-relief bathymetric features such as megascale glacial lineations (MSGLs), which are streamlined landforms elongated in the direction of ice flow that were molded into soft-deformation till beneath fast flowing ice streams (e.g., King, Hindmarsh, & Stokes, 2009; Stokes & Clark, 1999) ; (2) grounding zone wedges (GZWs), which are seismically resolvable, asymmetric marine depocenters that formed by subglacial sediment flux to an ice stream grounding line (e.g., Alley et al., 1986 Alley et al., , 1989 Bart & Owolana, 2012; Batchelor & Dowdeswell, 2015; Dowdeswell et al., 2008; Graham et al., 2010; Vanneste & Larter, 1995; Wellner, Heroy, & Anderson, 2006) ; and (3) deglacial sediment successions in shallow-penetration piston cores that exhibit BART ET AL.
POST-LGM GROUNDING-LINE POSITIONS 1 up core sediment facies changes from massive subglacially deposited till to laminated subice-shelf mud with scattered clasts overlain by open-marine diatom-rich ooze (e.g., Anderson et al., 2014; Domack et al., 1999; Evans et al., 2005; Evans & Pudsey, 2002; Licht et al., 1999) .
GZWs are of special importance because they provide direct evidence for former grounding line positions. GZWs occur in each of the paleo-glacial troughs of the Ross Sea continental shelf (Bart & Cone, 2012; Halberstadt et al., 2016; Mosola & Anderson, 2006; Shipp et al., 1999; Shipp, Wellner, & Anderson, 2002) and record episodes of a relatively stationary grounding-line position during either retreat or readvances (e.g., Alley et al., 2007; Anandakrishnan et al., 2007; Bart & Owolana, 2012; Batchelor & Dowdeswell, 2015; Dowdeswell et al., 2008; Graham et al., 2010; Mosola & Anderson, 2006; Vanneste & Larter, 1995) . GZWs on Antarctic shelves are clearly associated with sediment advection below paleo-ice streams (e.g., Ó Cofaigh et al., 2002; Shipp et al., 1999 Shipp et al., , 2002 , and this flux may have been concentrated in a relatively thin (submeter) subglacial deformation zone (e.g., Ó Cofaigh et al., 2007) .
Obtaining survey data from the Antarctic margins is, however, inherently difficult because of sea ice cover, icebergs, and high seas that persist even during the austral summer. Given the extremely large area of the Antarctic continental shelves, early studies of ice sheet retreat were usually conducted in a reconnaissance fashion and focused on locating paleo-ice stream troughs that cross the outer continental shelf. These are the sites of highest sediment flux during WAIS retreat. Hence, back-filled troughs offer the best opportunity to reconstruct retreat from resolvable deposits and landforms. As new survey data from the Antarctic continental shelves are acquired, it expands the opportunity to describe the past states of ice streams in greater spatial and temporal detail. Refinements to ice sheet retreat reconstructions can be used to calibrate and hence improve paleo-ice sheet numerical models. To be confident that numerical models can accurately predict possible future responses, those models must first be able to reproduce the recent retreat pattern in all of its complexities. Accurately reconstructing WAIS grounding-line positions through time is thus an important first-order consideration.
The study we present here focuses on the seafloor geomorphology and near-surface stratigraphy of an eastern Ross Sea trough, the Whales Deep Basin (Figure 1b ). During the last glacial cycle, the WAIS grounding line advanced to the eastern Ross Sea outer continental shelf (Mosola & Anderson, 2006) (Figure 1a ). Mosola and Anderson (2006) showed that the WAIS paused several times during its retreat from the shelf edge. The objective of our study was to refine the deglacial reconstruction of WAIS grounding line positions utilizing the existing data plus new data acquired during expedition NBP1502B for the area between Whales Deep Basin continental shelf edge and the RIS calving front (Figure 1b ).
Materials and Methods
In the austral summer of 2015, during expedition NBP1502B, sea ice was minimal and sea state was low. These conditions allowed us to acquire three regional dip-oriented multichannel seismic lines (800 km) along the axis of the Whales Deep Basin from the Nathaniel B. Palmer RVIB. The seismic source was two generatorinjector air guns arranged in a 90 cubic inch harmonic mode. The air guns were towed at~2 m depth below the sea surface and~60 m astern of the transom. Reflected seismic energy was recorded on a 75 m polyurethane-based streamer with 24 channels spaced at 3.125 m. The hydrostream lead was 105 m in length. The seismic source was fired every 5 s, and the underway ship speed was between 5 and 7 knots. Seismic data were processed using a standard flow that included sorting, velocity correction, automatic gain control, stacking, and water-column mute and filtering. The seismic data quality is variable, ranging from poor to very good. Seismic correlations were performed on hardcopies to identify the limits of the major GZWs in the trough.
The majority of expedition NBP1502B was dedicated to acquiring multibeam swath bathymetry data. We acquired a large-area multibeam survey over the outer continental shelf of the Whales Deep Basin (Figure 3a ) because our seismic correlations showed that this area corresponds to the marine limits of several GZWs (Bart et al., 2017) . The multibeam survey covers an area of 2,500 km 2 and represents the largest-area study of a backstepped GZW in an Antarctic paleo-ice stream trough. The multibeam data were collected using the hull-mounted Kongsberg EM122 swath bathymetric system of the Nathaniel B. Palmer RVIB. Multibeam transects were oriented either north-south or east-west. The EM122 multibeam system operates at 12 kHz and records up to 432 beams. The maximum port-and starboard side angle is 75°, which results in a swath width of 3-4 km in a water depth of 500 m. Our average under way speed ranged between 9.5 to 10 knots. The multibeam swath-bathymetric data was ping-edited at sea. Time-depth corrections for the data were performed using sound velocity profiles using expendable bathythermographs taken at regular intervals. The data were gridded, and the final resolution is 10 m. Subbottom sonar data were continuously coacquired with the multibeam and seismic data using a hull-mounted Knudsen 3,260 3.5 kHz Chirp echosounder (Figures 2b and 2c ). We used a 64 ms sweep around 3.5 kHz, which provides submeter vertical and horizontal resolution. All geophysical data were recorded digitally. Thanks to the mild sea state and low sea ice during the cruise, the multibeam swath bathymetry data quality is very good. The geologic features of the seafloor morphology were digitized from these multibeam swath data in Adobe Illustrator (CS4 v 14.0.0).
We used the new data from expedition NBP1502B and single channel seismic data previously acquired from four other surveys to map the locations of paleo-grounding lines. The grounding line fluctuates during GZW formation, which creates a grounding zone or ice plain (Batchelor & Dowdeswell, 2015; Bindschadler et al., 2003) . In this study, we use the term grounding line position to refer to the morphologic boundary between the preserved horizontal to subhorizontal GZW topset and a basinward-dipping GZW foreset following criteria outlined in Bart and Owolana (2012) . The GZW downlap limit refers to the seaward pinchout of the GZW foreset. Figure 1a ) (e.g., Bart et al., 2011; Bart & Owolana, 2012; Howat & Domack, 2003; Licht et al., 1999; Shipp et al., 1999; Tolotti et al., 2013) . Fewer studies have focused on eastern Ross Sea troughs (e.g., Whales Deep and Little America Basins). To our knowledge, Mosola and Anderson (2006) and Bart et al. (2017) are the only two studies that explicitly focused on WAIS retreat from the Whales Deep Basin. Mosola and Anderson (2006) used a regional single-channel dip-oriented seismic line and a companion multibeam swath transect from the axis of the Whales Deep Basin to demonstrate that the WAIS deposited multiple GZWs during its retreat from the shelf edge. Their data were acquired during expedition NBP9902. The uninterpreted seismic line shown in Figure 2a was acquired during expedition NBP1502B. It crosses the middle and outer continental shelf parts of the Whales Deep Basin and shows the major features described by Mosola and Anderson (2006) . Along the axis of the basin, the most-prominent feature is a large-scale bathymetric saddle that separates the middle continental shelf from the outer continental shelf (Figure 1b ). The geomorphology of the bathymetric saddle resembles a large GZW characterized by a classic gentle stoss side and a steeper seaward-facing lee side (e.g., Alley et al., 1989) . Mosola and Anderson (2006) referred to the saddle as GZW5b. The crest of the saddle rises to~500 m, which is~100 m above the average depth of the basin. Their multibeam transects showed MSGLs to the north of the bathymetric saddle. They assigned these subglacial bed forms and the prograding slope strata that underlie the outer continental shelf to GZW5a (Figure 2a ). Mosola and Anderson (2006) also suggested that gullies on the upper slope formed by sediment-charged meltwater discharge when the WAIS was grounded at the shelf edge. On the south-facing flank of the bathymetric saddle, Mosola and Anderson (2006) described a band of small-scale ridges from their multibeam bathymetry data. They interpreted these features as moraine ridges formed by grounding-line sedimentation during a relatively continuous southward retreat of grounded ice. Further south, approximately halfway between the saddle and the southern end of seismic line 3 (Figure 2a ), Mosola and Anderson (2006) interpreted the larger-scale asymmetric feature at the seafloor as GZW5c. 
Deglacial Age Control for the Whales Deep Basin
Mosola and Anderson (2006) obtained 30 radiocarbon dates from bulk acid insoluble organic matter (AIOM) that was isolated from the deglacial sediment overlying subglacial till in core from the outer shelf of the Whales Deep Basin. Most of the ages are in stratigraphic order, but they obtained older-than-expected dates from the seafloor and a few centimeters below the seafloor. Their oldest date on the outer shelf at core station NBP9902_13 was 23,907 ± 300 calibrated 14 C years, (Figure 2a ). Stratigraphic superposition requires that grounded ice moved south of this location and marine sedimentation resumed by that time. They considered their radiocarbon ages to be suspect because bulk AIOM contains an unknown fraction of older carbon reworked from older strata exposed in the Whales Deep paleo-drainage basin mixed with the organic carbon that was contemporaneously produced with the deglacial marine sediment deposition. Although the ages are imprecise, the dates from the outer continental shelf combined with the principle of stratigraphic superposition strongly suggest that the grounded ice had retreated from the shelf edge and began to construct
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backstepped GZWs either during or sometime after the LGM. The other age control on the retreat of grounded ice from the Whales Deep Basin comes from Conway et al. (1999) , who used an ice-flow layer tracking model to evaluate the bump amplitude in ice layers beneath the Roosevelt Island ice rise of the RIS. Their analyses indicated that the grounded ice moved south of Roosevelt Island at 3.2 kyr B.P. Data presented by Yokoyama et al. (2016) indicate that the RIS vacated the Whales Deep Basin at~5 kyr B.P.
Results
Whales Deep Basin Seismic Stratigraphy
In the course of their analysis of grounding duration, Bart et al. (2017) showed that GZW5b of Mosola and Anderson (2006) at the bathymetric saddle is actually composed of several GZWs (Figure 2b ). By stratigraphic superposition, these features were labeled GZWs 1-7, from oldest to youngest. Three of the seven GZWs are exposed at the seafloor and imaged near the base of the seaward dipping face of the bathymetric saddle at water depths of 590 m, 600 m, and 605 m (Figure 2b ). At those depths, relatively short subhorizontal segments of the seafloor ranging in length from 1 to 5 km correspond to GZW topsets. Each bench extends northward to basinward-dipping seafloor segments that have the form of low-relief GZW foresets. The relief of these seaward-dipping GZW foreset surfaces ranges from 5 to 15 m. The seismic line interpretation shows dashed lines corresponding to the inferred horizontal extensions of these three GZW topset surfaces into the subsurface ( Figure 2b ). Beneath the crest of the bathymetric saddle, a few weak subsurface reflections are seen on seismic line 3 ( Figure 2a ). These reflections suggested the existence of additional GZWs 4-7, buried below the saddle ( Figure 2b ). None of the individual GZWs (GZWs 1-7) contain internal seismic reflections. Moreover, none of the individual GZWs were mapped separately because the individual topsets and bottomset surfaces are not regional seismic reflections. Regional correlations of the amalgamated upper and lower bounding surfaces of this CGZW demonstrate that all seven individual GZWs on the outer and middle continental shelf are confined to the basin (Bart et al., 2017 ).
In our current study, GZW5c from Mosola and Anderson (2006) is included within GZW7 because the additional seismic data evaluated by Bart et al. (2017) did not indicate that this irregular surface feature is a GZW. Near the southern end of the regional dip line shown in Figure 2a , a series of small-scale ridges are exposed at the seafloor. A 4 m thick laminated section covers the ridges on the inner part of the middle continental shelf and this section thins to the north (Figure 2c ). Bart et al. (2017) referred to this series of ridges as GZW8. Their GZW8 designation is not used here because the ridges are significantly smaller than the GZWs at the bathymetric saddle and outer continental shelf.
In the remainder of section 4, we describe the correlations between seismic stratigraphy (outlined above) ( Figure 2b ) and the seafloor geomorphology as seen on the new swath bathymetry survey (Figure 3 ), cross sections extracted from the multibeam data ( Figure 5 ) and high-resolution chirp cross sections ( Figure 6 ).
The Whales Deep Basin Bathymetric Saddle and GZW7
From the perspective of seismic resolution, GZW7 is exposed over much of the bathymetric saddle as well as its southern and northern flanks (Figure 2b ). The GZW7 topset essentially corresponds to the seafloor reflection on the south side of the bathymetric saddle. The boundary between the saddle crest and its smooth seaward-facing foreset corresponds to the GZW7 grounding line (Figures 2b, 3b , and 4). Along strike, the water depth at the GZW7 paleo-grounding line ranges from 450 to 495 m, being deepest slightly to the west of the trough axis and shallowing toward Hayes and Houtz Banks. In a dip-oriented direction, the GZW7 foreset has a maximum width of~20 km (Figure 5m ). The GZW7 downlap limit (i.e., its basinward termination) is irregular but essentially trends east-west across the width of the trough in water depths ranging from 480 to 540 m (Figure 4 ).
Outer Continental Shelf and Upper Slope Geomorphology
To the north of the GZW7 downlap limit (i.e., its basinward pinchout), the chirp transect ( Figure 2c ) that was coacquired with seismic line 3 ( Figure 2b ) shows a higher resolution cross section of the previously mentioned three backstep-stacked benches on the north side of the saddle. These benches correlate to discrete bathymetric features that can be traced across a large part of the outer continental shelf (Figures 3b and 3e-6 ). North-south oriented chirp transects show that at most, only short segments of the GZW topset surfaces extend south into the subsurface below GZW7 pinchout limit (Figures 2c and 5 ). The dashed lines on the Figures 3d, 3e, 3f , and 3g. The east-facing scarp (toward the left-hand side of the image) corresponds with the GZW1 foreset. The GZW1 topset is molded by MSGLs that are crosscut by a cluster of linear iceberg scours that trend to the west. The upper slope is scoured by numerous gullies that converge downslope. (Figures 3a and 4) as outlined below. 4.3.1. GZW3 In the center of the trough, the GZW7 foreset distinctly downlaps the bench associated with the GZW3 topset over large parts of the outer continental shelf (Figures 3b and 5f-5k) . GZW3 downlaps the GZW2 topset (Figure 5g-5i) . As much as 7 km of the GZW3 topset is exposed north of the GZW7 downlap limit (Figure 5g ). In contrasts, on the western side of the trough, GZWs 7, 3, and 2 are near vertically stacked (Figures 5b-5f ). The map-view trend of the GZW3 grounding line shown in Figures 2b, 3b, and 4 is the boundary between its subhorizontal topset bench and its seaward dipping foreset (Figures 5d-5m) . The GZW3 grounding line is curvilinear and convex seaward where it is exposed at the seafloor in the central part of the trough (Figures 3b and 4) . The height of the GZW3 foreset varies from 10 to 35 m along the grounding line.
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West of the central part of the trough, cross sections show that the geomorphology of GZW3 marine termination changes form (Figures 3a and 5c-5f ). In that area, the basinward limit of the GZW3 topset bench is indented to the south, but the northern pinchout limit projects northward with a slightly bulbous lobate form (Figures 3b and 3e) . In an upslope direction, the lobate morphology begins at a water depth of 570 m (Figure 5f ) and pinches out in maximum water depth of 615 m (Figure 5d ). The lobes have a height of 30 m near their pinchout. In map view, the lobe is directed to the NNW and has a maximum dip-oriented length of~10 km (Figure 3b ). In some cross sections, parts of the lobe are detached from GZW3 on northsouth and east-west cross sections (Figures 5d and 6g, respectively) , but the map view shows that the feature is fully attached to GZW3 (Figure 3b ).
On the eastern side of the trough, the GZW3 grounding line can be continuously traced along the lower flank of Houtz Bank (Figure 3b ). North-south chirp transects (Figures 5k and 5l ) and east-west cross sections extracted from the multibeam survey (Figures 6a-6i) show that the GZW3 grounding line trend is the border of a terrace with a distinct low-relief scarp facing the west (Figures 3b and 3f) . Figure 3b shows that there are at least three distinct sets of trough-aligned lineations with slightly different orientations that mantle the part of the terrace that corresponds to the GZW3 topset. These three sets are labeled 3A, 3B, and 3C. In the center of the trough, north-south lineations mold the top of the GZW3 topset (Figures 3b and 3e) . These lineations have all the characteristics of MSGLs (lengths of several kilometers, 1-10 m amplitudes, and 0.5 to 2 km spacing) (Spagnolo et al., 2014) . The lineations labeled 3a diverge from a north-south trend toward the west at their northern limit, i.e., toward the axis of the basin. On their northern end, lineations labeled 3b diverge slightly toward the east of north. MSGLs labeled 3c are exposed on only a small area to the north of the GZW7 downlap limit where they have a north-south alignment and are nestled within lineations 3b (Figures 3a and 3d and 4) . The map view image shows that the southern ends of lineations 3b and 3c are buried by GZW7 (Figures 3b and 3d and 4) . On the Houtz Bank terrace, there are no individual seismically resolvable GZW morphologies associated with the three sets of MSGLs.
GZW2
The GZW2 grounding line can be correlated from seismic ( Figure 2b ) to a basinward dipping scarp on multibeam bathymetry (Figures 3b and 3e) . The GZW2 foreset has a maximum height of 20 m and a width of 1.5 km (Figure 5j ). The grounding line depth ranges from 550 m to 590 m, where GZW2 is exposed in the central part of the trough (Figures 5g-5j ). In the trough axis, multibeam bathymetry shows that the GZW2 topset is molded with north-south oriented lineations (Figures 3b and 3e) . These topset lineations extend south and are buried by GZW3 (Figures 3b and 3e and 4) . In a basinward direction, the lineations extend to the GZW2 grounding line. These lineations also have dimensions characteristic of MSGLs (e.g., Spagnolo et al., 2014) .
On the western side of the trough, the sinuous trend of GZW2 projects below lobate marine termination of GZW3 (Figures 3b and 4) . On the eastern side of the trough, the GZW2 grounding line can be traced to the base of a second terrace on the lower-most flank of Houtz Bank (Figures 3b and 6a-6h) . On east-west cross sections, this deeper-water terrace scarp has an average relief of 20 m and at least the upper part of the scarp corresponds to the GZW2 foreset (Figures 6a-6g) . The GZW2 scarp on the Houtz Bank terrace and its relationship to the wedges in the center of the trough are also seen on the north-south chirp transects (e.g., Figure 5j ).
The water depth of the GZW2 grounding line ranges from 550 to 564 m along the Houtz Bank terrace (Figures 6a and 6g) . A similar terrace scarp is seen on strike and dip-oriented transects from the opposite side of the trough basin, i.e., on the lower flank of the Hayes Bank ( Figures 5 and 6f-6i) . Only a small part of Hayes Bank terrace is imaged by multibeam data (Figure 3b ).
GZW1
In the axis of the trough, the GZW1 grounding line from seismic data (Figure 2b ) and nearby chirp transects (Figures 5h and 5i) can be correlated to the boundary between a horizontal topset with trough-aligned lineations that end at a seaward facing scarp with a relief of <10 m (Figure 3b) . The low relief of the GZW1 foreset along strike makes it difficult to trace the grounding line across the trough on both multibeam (Figure 3b ) and chirp transects ( Figure 5 ). Based on the multibeam data (Figure 3b) , the scarp associated with the GZW1 grounding line is traceable to the east where it is buried below GZW2 (Figures 3a and 5j) . On the Houtz Bank terrace, some east-west cross sections show a short subhorizontal bench with a low-height west-facing scarp may correspond to exposures of GZW1 topset-foreset morphology (Figures 6, 6f, and 6g ).
In the central part of the trough (west of the cross section shown in Figure 5i ), the GZW1 grounding line has a northwest-southeast trend that can be traced to the continental shelf edge (Figures 3b and 3g ). Along this trend, the basinward-facing dip of the GZW1 foreset is best seen on the east-west oriented cross sections (Figures 6-6f ). On Figures 3b and 4 , we show the GZW1 grounding line at the shelf edge on the western side of the trough based partly on the lineations that mold the GZW1 topset (see below). Close inspection of the dip-oriented chirp transects shown in Figures 5a-5h from the central and western parts of the outer continental shelf shows a variable number of low-relief seaward facing slopes preserved at the seafloor that are older than GZW2. These low-relief features are not sufficiently resolved on the multibeam data to be traced across the width of the trough (Figures 3b and 3g) . Either of these basinward dipping features (Figures 5a-5h ) may correspond to the GZW1 foreset.
Trough-aligned lineations that mold the top of the GZW1 topset can be traced north to the GZW1 grounding line (Figures 3b and 3g and 4) . The lineations extend close to the shelf edge across the central and western part of the trough. Toward the south, these lineations extend below the marine limit of older GZW strata (Figures 3b and 4) . In the central part of the trough, chirp transects show multiple subsurface reflections (e.g., Figure 5e ). On the outermost part of the western side of the trough, GZW1 is absent or less than 2 m thick), but it thickens to over 10 m in a landward direction (e.g., Figures 5a-5d ).
Older Lineations on the Outer Shelf and Upper Slope Gullies
In those places where the GZW1 grounding line is indented to the south on the eastern side of the trough, an older set of north-south lineations is seen to extend to the shelf edge (Figures 3a, 3f, 3g, and 4) . These lineations are best seen on the eastern side of the outer continental shelf (Figures 3f and 4) . This set of lineations is buried by the stacked GZWs that compose the Houtz Bank terrace on the eastern side of the trough. In the east-central part of the trough, the lineations are buried by GZW1. Seaward of the continental shelf edge, the upper slope is marked by a dense network of upper slope gullies that converge downslope within~5 km (Figure 3b ). The gullies have depths ranging from a few to 25 m below grade.
Middle Continental Shelf Geomorphology
The middle continental shelf is slightly foredeepened, i.e., landward dipping, south of the bathymetric saddle (Figure 1b) . There are no preserved MSGLs on either the crest or south flank of the bathymetric saddle (i.e., the GZW7 topset) (Figures 3a and 4) . Instead of MSGLs, the GZW7 topset is mantled by at least two bands of subparallel sinuous ridges. The northernmost band (Figure 4 ) was previously interpreted by Mosola and Anderson (2006) as moraine ridges (see section 3). These ridges trend N-NW (i.e., oblique to the trend of the trough) and are observed in the central and eastern part of the trough in water depths ranging from 500 to 550 m (Figure 4) . The basinward ends of these ridges are within 10 to 30 km from the GZW7 grounding line. These features have lengths of several tens of kilometers and maximum widths of a few hundred meters (Figure 4) . The ridges have variable shapes and rise as much as 10 m above the average seafloor depth with spacing between 1 and 2 km. The band of ridges is approximately 40 km wide (measured perpendicular to the ridge crest trend, Figure 4 ).
The second band of smaller-scale ridges is located further to the south and was originally described by Bart et al. (2017) from rounded to asymmetric. The asymmetric ridges have a gentle side that faces toward the south. In map view, these low relief features are not well resolved on multibeam bathymetry (Figures 3a and 3c ), but the ridge crests appear to be short and discontinuous (a few hundred meters length). The longer segments appear to strike northeast-southwest (Figures 3b and 4) .
Iceberg Scours Within the Whales Deep Basin
The crest of the saddle is heavily disturbed by randomly oriented and cross-cutting arcuate and linear iceberg furrows down to water depths of~500 m (Figures 3a, 4 , 5, and 6k). Furrow depths are variable but most are less than 5 m deep. The furrow widths are commonly 100 m with the largest being almost a kilometer wide. The shallower adjacent part of Houtz Bank was surveyed displays an extremely dense network of crosscutting furrows. These scours are similar to iceberg furrow that have been observed elsewhere on the crest of banks and wedges on other portions of the Antarctic shelf (e.g., Barnes & Lien, 1987) . In contrasts to dense scouring on the bank and saddle crest, iceberg furrows are distinctly absent on the seaward face of the saddle that corresponds to the GZW7 foreset (Figures 3b, 3d , and 3e).
Seaward of the GZW7 downlap limit, there are several clusters of linearly oriented iceberg furrows. These are generally oriented north-south and crosscut the MSGLs that mold the GZW topsets on the deeper outer continental shelf (Figures 3b, 3f , 3g, and 4). A large and deep iceberg furrow crosscuts the topsets of GZW3 and GZW2 in the central part of the trough (Figure 3e ). The furrow can be traced to the south where it is buried by GZW7.
South of the bathymetric-saddle crest, the density of iceberg furrows decreases on the deeper middle continental shelf, but both linear and arcuate iceberg furrows crosscut the bands of sinuous ridges that mold the southeastern flank of the bathymetric saddle to depths of 550 m. Many of the semilinear furrows are oriented NW-SE, roughly perpendicular to the trend of the linear ridges.
Discussion
Post-LGM Grounding Line Positions on the Whales Deep Outer Continental Shelf
Seismic profiles crossing the shelf edge show upper-slope progradation ( Figure 2a ) associated with GZW5a that formed during the last grounding at the shelf edge (Mosola & Anderson, 2006) . The upper slope gullies preserved at the seafloor (Figure 4 ) may have primarily formed by melt-water discharge at the grounding line when ice was last grounded at the shelf edge (Anderson, 1999) . Mosola and Anderson (2006) associated the set of gullies and the MSGLs that extend to the shelf-edge with GZW5a. As an upper slope depocenter, GZW5a is technically a trough mouth fan (e.g., Bart, DeBatist, & Jokat, 1999; Vorren & Laberg, 1997) as opposed to a shelf-perched GZW.
On the outer continental shelf, the grounding lines shown in Figure 4 are unambiguous in terms of the positions formerly occupied by grounded ice during retreat. Published age control from the outer continental shelf of the Whales Deep Basin (Conway et al., 1999; Mosola & Anderson, 2006; Yokoyama et al., 2016) indicates that the backstepped GZWs are the product of post-LGM groundings as opposed to back and forth oscillations spanning multiple glacial cycles. The number of GZWs in the Whales Deep Basin indicates a significantly more complex post-LGM grounding history than could be reconstructed with previous data (Mosola & Anderson, 2006) . The large GZWs on the Whales Deep outer continental shelf are interesting in that they mostly overlap, whereas other troughs usually contain backstepped GZWs that are more spatially separated (e.g., Graham et al., 2010; Larter et al., 2014; Livingstone et al., 2013) . The backstepped grounding lines also extend around the flanks of the banks to the shelf edge, suggesting that a grounding line embayment existed within the outer part of Whales Deep Basin during the times represented by GZWs 1-7. The grounding line embayment on the outer shelf may have been due to deflation of the ice stream by fast flow with relatively slow flow over the banks. An embayed grounding line in the Whales Deep Basin is similar to that observed for western and central Ross Sea troughs (Halberstadt et al., 2016; Shipp et al., 1999) . Based on the overall length of the Bindschadler paleo-drainage system (l400 km from the WAIS divide to the Whales Deep shelf edge), the seven grounding line positions on the outer shelf indicate that the extent of grounded ice was lessened by only~5% from its maximum seaward position at the shelf edge.
On the middle continental shelf, the geomorphology of retreat is significantly different and is recorded by smaller-scale ridges. We follow Mosola and Anderson (2006) , who interpreted these linear features that
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mantle the GZW7 topset as moraine ridges. After the end of the deposition of GZW7, a series of groundingline positions are recorded by closely spaced small-scale moraine ridges that formed as grounded ice shifted south across the middle continental shelf. Shipp et al. (2002) proposed that the formation of small moraine ridges was similar to the emplacement of De Geer moraines, where short-duration extrusion of subglacial sediment at the grounding line produces small-scale landforms. The northeast-southwest orientations of these features suggest that the grounding line was also embayed as the grounded ice retreated from the middle continental shelf of the Whales Deep Basin. The slight foredeepening of the middle continental shelf may have contributed to retreat in this part of the trough.
The Whales Deep Basin seafloor geomorphology and the inferred subsurface stratal constraints clearly indicate a strong spatial-temporal aspect of sediment erosion, transport, and deposition (Larter et al., 2009; Livingstone et al., 2016) . Evidence from western and central paleo-ice stream trough basins of Ross Sea suggests post-LGM WAIS retreat (e.g., Domack et al., 1999; Licht et al., 1996) . Mosola and Anderson (2006) showed that multistep retreat occurred in Glomar Challenger and Little America Basins in eastern Ross Sea.
Multistep post-LGM retreat of the grounding line is noted for Amundsen and Bellingshausen Sea sectors of the WAIS (e.g., Klages et al., 2014; Larter et al., 2014) . Within Pine Island Bay, the WAIS paused at least 5 times during its post-LGM retreat from the outer continental shelf (e.g., Graham et al., 2010; Jakobsson et al., 2012; Kirschner et al., 2012) .
Possible Controls on Grounding Line Position
GZWs record episodes of a relatively stationary grounding-line position during either retreat or readvances (e.g., Alley et al., 2007; Anandakrishnan et al., 2007; Bart & Owolana, 2012; Batchelor & Dowdeswell, 2015; Dowdeswell et al., 2008; Graham et al., 2010; Mosola & Anderson, 2006; Vanneste & Larter, 1995) . GZWs have been suggested to form preferentially where an ice shelf is present (e.g., Batchelor & Dowdeswell, 2015; Dowdeswell & Fugelli, 2012) . Ice sheet grounding-line position is controlled by many external and local factors such as bed characteristics, slope, and drainage basin size (e.g., Livingstone et al., 2012; Pollard & DeConto, 2009 ). The external factors include changes in sea level, ocean temperature, and atmospheric temperature. WAIS grounding line position has also long been linked to sea-floor slope (e.g., Schoof, 2007; Thomas, 1979) . Trough bottlenecks, and other topographic features such as changes in seafloor gradient, may be key factors controlling the locations of GZWs (e.g., Graham et al., 2010; Jakobsson et al., 2012; Jamieson et al., 2012 Jamieson et al., , 2014 Klages et al., 2015; Larter et al., 2014) . The overlapping locations of WAIS grounding lines on the Whales Deep Basin outer continental shelf appear to coincide with a bottleneck in the trough (Figure 1b) and perhaps a slight shallowing of the trough axis (Figure 2b ).
The stacking pattern of the CGZW reflects significant sediment aggradation and presumably an associated reduced height of ice at the grounding line. Other large volume backstepped deposits in Ross Sea (Joides and Drygalski Basins, see Shipp et al., 1999) and other Antarctic margins (Batchelor & Dowdeswell, 2015) might also be CGZWs. Deposition probably compensated for the longer-term deflation of the WAIS and/or any post-LGM sea level rise Bart et al., 2017) . In other words, the stratal stacking pattern strongly suggests that GZW deposition influenced the location of subsequent stillstands by contemporaneously reducing the water depth at the grounding line. In either scenario, the seven GZWs show that the WAIS reached its buoyancy limit several times yet was able to reground at more landward positions on the outer continental shelf.
In contrast to groundings that produce large-volume GZWs on the outer continental shelf, retreat after the end of GZW7 resulted in major (200 km) grounding line retreat toward Roosevelt Island that is recorded only by smaller-scale features. The GZW7 topsets are more foredeepened than the unconformity underlying the CGZW (Figure 2a ). The greater foredeepening may preclude a stable grounding of significant duration. The various other factors that may have prevented a significant pause in the grounding line retreat on the middle continental shelf cannot be excluded based strictly on the morphological evidence.
Grounding Durations
GZWs on Antarctic continental shelves are clearly associated with sediment advection below paleo-ice streams (e.g., Ó Cofaigh et al., 2002; Shipp et al., 1999 Shipp et al., , 2002 for a nonnegligible duration. Bart et al. (2017) inferred that the large volume of the CGZW underlying the Whales Deep Basin bathymetric saddle represents a duration of more than three millennium. Such a long duration grounding is consistent with data compiled
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by Elverhoi, Hooke, and Solhiem (1998) , who suggested that pulsed sedimentation on the order of a millennia results from accelerated ice streamflow over sediment deposited during the preceding advance of grounded ice. Smaller GZWs from other areas have been inferred to represent durations of a few centuries (Graham et al., 2010; Jakobsson et al., 2012; Livingstone et al., 2016) .
Ice-stream sediment flux was probably concentrated in a relatively thin (submeter) subglacial deformation zone (e.g., Ó Cofaigh et al., 2007) . On the time scale of a deglaciation, sediment flux probably is a complex function of many variables (i.e., deformation-till velocity and thickness/width and ice stream drainage area). Hence, the sediment volume of individual GZWs need not necessarily equate directly to the duration of grounding events. In the simplest of scenarios, if one considers that the ice stream sediment flux was constant through time, the smaller-scale moraine ridges that mantle the GZW7 topset on the middle continental shelf represent significantly less time than the GZWs that underlie the bathymetric saddle. Ridges with similar small dimensions presumably represent relative short durations of grounding line sedimentation that have been inferred to range from years to a few decades (Jakobsson et al., 2011; Livingstone et al., 2016; Shipp et al., 2002) . Unfortunately, age control for the Whales Deep Basin is too poorly resolved to determine the specific onset and termination, i.e., duration, of individual groundings.
Grounding Line Oscillations Between Groundings
The backstepping stratal pattern of GZWs and moraine ridges on the outer and middle continental shelf clearly requires an overall WAIS retreat from its former position at the shelf edge. The geomorphology of Whales Deep Basin cannot, however, be used to uniquely constrain the pattern and magnitudes of grounding line and calving front oscillations between successive groundings. The CGZW on the outer continental shelf may, for example, represents relatively minor oscillations with or without a series of hiatuses, as grounding lines were comparatively stationary throughout the time represented by GZWs 1-7. In tidally influenced regions, the grounding line tends to migrate along GZW surfaces at varying time intervals (Bindschadler et al., 2003) . It might well be that, due to oscillations of this type, the former grounding positions of the same general stabilization event were overprinted, eroded, or buried by a subsequent grounding position. In this sense, the CGZW might be part of a single in situ stabilization of the grounding line that represents the prolonged presence of an ice plain. Conversely, the overlapping stack of outer continental GZWs might have formed during several discrete groundings involving significant retreat and then readvance with the grounding line reestablishing in roughly the same location on the outer continental shelf. This latter possibility is rather unlikely because a major readvance across the bathymetric saddle would have overprinted a new subglacial fabric over the preexisting GZWs.
The stratal relationships on the outer continental shelf do require that the grounding line readvanced at least 20 km during the time period that GZW7 formed to entirely bury GZWs 4-6 and partially bury GZWs 1-3. Likewise, the localized continuation of GZW topset reflections below the basinward-thinning toes of some GZWs (e.g., Figures 5h and 5k ) is consistent with this view of at least minor grounding line readvance following an earlier retreat (Howat & Domack, 2003) . We cannot exclude the possibility that a longer distance retreat occurred before readvance based on the morphologic evidence.
During the initial retreat of grounded ice from the shelf edge, the GZW1 grounding line was embayed on the eastern side of the outer continental shelf (Figure 4 ). The multiple low-relief basinward dipping surfaces from the western and central side of the Whales Deep Basin outer continental shelf (e.g., Figures 5a and 5g ) suggest that the grounding line may have progressively shifted south toward the location of the bathymetric saddle on the western side of the trough, while only a single GZW1 was constructed on the eastern side of the trough. The landward thickening of GZW1 on the western side of the trough suggests that significant subglacial aggradation occurred in association with the MSGLs that mold the GZW1 topset (Spagnolo et al., 2017) (Figures 5b-5d ).
The three sets of MSGLs that mold the GZW3 topset on the Houtz Bank terrace (Figure 4) suggest that the grounding line may have progressively stepped south during the time that a single GZW3 was deposited in the trough axis ( Figure 5 ). On the terrace, the absence of distinct GZW3 foresets at the northern termination of these three sets of MSGLs indicates that the seafloor was primarily remolded at these times with relatively insignificant grounding line sediment aggradation. The lobate features on the toe of GZW3 (Figure 4 ) are interpreted as mass wasting lobes. Stratigraphic superposition requires that these lobes formed at the
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end of GZW3 deposition. The mass wasting may have been related to an unstable slope created by vertical stacking of GZWs 1-3 ( Figure 5 ).
The preservation of MSGLs on the topsets of GZW1, GZW2, and GZW3 suggests that liftoff retreat to a new grounding line position took place relatively rapidly (Dowdeswell et al., 2008) . The occurrences of iceberg furrows on the topsets of GZWs 1-3 coupled with their absence from the GZW7 lower foreset (Figure 4) indicate that these scours occurred after liftoff retreat and prior to the deposition of GZW7. The iceberg scours would have occurred in the absence of an ice shelf. Moreover, the crosscut MSGLs suggest that deep-keel icebergs were calved from the grounding line. The distribution of iceberg furrows that crosscut MSGLs of different generations on the Whales Deep Basin outer and middle continental shelf likewise allows different interpretations as to how the grounding line (and calving front if an ice shelf existed) oscillated between the groundings.
The small-scale moraine ridges mantling the GZW7 topset (Figure 4 ) suggest a time-transgressive relatively continuous southward retreat of an embayed grounding line (Mosola & Anderson, 2006) without evidence for any significant back and forth oscillations. The irregular bump originally interpreted to be GZW5c (Mosola & Anderson, 2006) may be related to the outcrop of less erodible strata at this location. The absence of large-volume GZWs on the middle continental shelf suggests that there were no significant pauses in the grounding line retreat. This inference is based on the assumption that sediment flux to the grounding line was constant after the end of GZW7. The absence of partly buried or overprinted fabrics likewise suggests that there were no major readvances during the retreat of grounded ice from the middle continental shelf.
The dense pattern of scours on the crest and south flank of the bathymetric saddle (i.e., the GZW7 topset) obviously postdates the southward shift of the grounding line. The iceberg furrows that crosscut the smaller-scale backstepping moraine ridges that mold the GZW7 topset on the middle continental shelf were formed after the retreat of grounded ice and in the absence of an ice shelf. The iceberg furrows occur in water depths greater than 500 m, and such deep-keel icebergs probably calved close to the ice stream grounding line. In the simplest scenario, the iceberg scours formed after the grounding line moved south of Roosevelt Island. We cannot exclude the possibility that the iceberg furrows were formed during either multiple episodes of retreat or after grounded ice fully vacated the middle continental shelf. Based on their location, we infer that ridges near the RIS calving front represents a slowing of the grounding line retreat as it approached Roosevelt Island.
Conclusion
Morphologic and subsurface evidence shows that the grounding line of the Bindschadler Paleo Ice Stream paused 7 times during its retreat from the outer continental shelf (within 60 km south of the shelf edge) with each step depositing a discrete GZW. Age control from the outer continental shelf (Mosola & Anderson, 2006) indicates that retreat occurred during or after the LGM. The grounding line positions associated with each these seven GZWs represent only a slightly smaller configuration (at most a 5% reduction from the maximum possible configuration of grounded ice at the shelf edge). Construction of the CGZW resulted in more than 100 m of aggradation and thus contributed to grounding line stability. Pauses in grounding line retreat appear to have been initiated at a bottleneck and associated elevated bench in the trough, indicating possible antecedent topographic control on grounding line stability (Dowdeswell & Fugelli, 2012; Jakobsson et al., 2012; Jamieson et al., 2014; Klages et al., 2014 Klages et al., , 2015 . The available age control (Mosola & Anderson, 2006) indicates that this large-volume CGZW formed during the last deglaciation. The geomorphology cannot be used to conclusively determine the magnitude of retreat and readvance that might have occurred between successive groundings at the bathymetric saddle. Following GZW7, the WAIS experienced a major 200 km southward retreat. The small-scale moraine ridges that mantle the GZW7 topset are suggestive of a relatively continuous retreat of an embayed grounding line toward Roosevelt Island. Data presented by Conway et al. (1999) indicate that grounded ice eventually moved south of Roosevelt Island at 3.2 kyr B.P.
